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. BIOLOGY AND THE EXPLORATION OF MARS 

Preface 

U n t i l  r ecen t  yea r s  t he  o r i g i n  of l i f e  and i t s  p o s s i b l e  occurrence elsewhere i n  
t h e  un ive r se  have been matters f o r  specu la t ion  only.  The r a p i d  growth of molecular 
biology s i n c e  1940 has ,  t o  be su re ,  changed t h e  d i s c u s s i o n  o f  l i f e ' s  o r i g i n s  i n t o  f a r  
more p r e c i s e  and e x p l i c i t  terms than were p o s s i b l e  earlier;  and the sub jec t  en te red  
a new, experimental ,  phase i n  t h e  1950's w i t h  s u c c e s s f u l  abiogenic  s y n t h e s i s  of impor- 
t a n t  biochemical substances i n  condi t ions s imulat ing t h e  presumptive environment of 
t h e  p r i m i t i v e  Earth.  But t he  r e a l  t ransformation which t h e  sub jec t  has undergone 
s t e m s  from t h e  spec tacu la r  growth of space technology i n  the last decade. The p o s s i -  
b i l i t y  of l i f e ' s  o r i g i n  and occurrence on p l a n e t s  o t h e r  than o u r s  i s  no longer l i m i t e d  
t o  i d l e  specu la t ion :  i t  has en te red  the realm of t h e  t e s t a b l e ,  of science i n  t h e  s t r i c t  
sense.  Given t h e  rocke t s  now ava i l ab le  and e s p e c i a l l y  those a v a i l a b l e  by 1969 i t  has  
become f u l l y  r e a l i s t i c  t o  consider  plans f o r  t h e  b i o l o g i c a l  exp lo ra t ion  of Mars. 

The Study which t h i s  r e p o r t  seeks t o  i n t e r p r e t  w a s  convened i n  June, 1964, by t h e  
Space Science Board of t he  Nat ional  Academy of Sciences t o  examine t h i s  p o s s i b i l i t y .  
The working group comprised 36 people r e p r e s e n t i n g  a broad spectrum of s c i e n t i f i c  i n -  
terests: evo lu t iona ry  biology, gene t i c s ,  microbiology, biochemistry and molecular b i o l -  
ogy, animal physiology, s o i l  chemistry,  organic  chemistry,  p l ane ta ry  astronomy, geo- 
chemistry,  and t h e o r e t i c a l  physics .  The membership included some wi th  cons ide rab le  
p r i o r  involvement i n  problems of space e x p l o r a t i o n  and o t h e r s  w i th  none. Advice was 
a l s o  sought o u t s i d e  the  group of immediate p a r t i c i p a n t s  on the p o t e n t i a l i t i e s  o f  
s e l e c t e d  a n a l y t i c a l  methods f o r  t he  experimental  s tudy of e x t r a t e r r e s t r i a l  l i f e  and i t s  
environment. More than 30 ind iv idua l s  con t r ibu ted  i n  t h i s  f a sh ion  w r i t t e n  assessments 
of techniques i n  which they were p a r t i c u l a r l y  w e l l  versed. 

-- 
' Our t a s k  was t o  examiner-he s c i e n t i f i c  foundat ions and merits of t h e  proposal  t o  

underFake a b i o l o g i c a l  exp lo ra t ion  of Mars. What were t h e  p o t e n t i a l  s c i e n t i f i c  y i e l d s ?  
How va luab le ,  i f  a t t a i n e d ,  would they be? What, i n  f a c t ,  i s  t h e  p o s s i b i l i t y  of l i f e  
occur r ing  on Mars? And of our de t ec t ing  i t  wi th  t h e  a v a i l a b l e  and fo reseeab le  t echno l -  
ogy? What could be achieved by f u r t h e r  as t ronomical  work from e a r t h ?  
missions? by Martian o r b i t e r s ?  and Martian l ande r s?  What payloads would w e  recommend 
f o r  p l a n e t a r y  missions? What t iming and o v e r a l l  s t r a t e g y  would w e  recommend f o r  
Mart ian e x p l o r a t i o n  were w e  t o  consider i t  worthwhile at  a l l ?  

by Mart ian f ly -by  

I n  b r i e f  t h e  o v e r a l l  purpose was t o  recommend t o  t h e  Government through t h e  
Academy's Space Science Board, whether o r  not  a b i o l o g i c a l  exp lo ra t ion  of Mars should 
be included i n  t h e  n a t i o n ' s  space program over  the  next  few decades; and, f u r t h e r ,  t o  
o u t l i n e  what t h a t  program, i f  any, should be. 

W e  emphasize t h a t  our conclusions were reached on s t r i c t l y  s c i e n t i f i c  grounds; 
t h a t  w e  recognize a much wider a r r a y  of cons ide ra t ions  bear  on any u l t i m a t e  dec' ision 
t o  undertake Martian exp lo ra t ion .  
a t t e m p t  t h e  broad over-view t h a t  e n t a i l s  t hese  o t h e r  cons ide ra t ions .  We p red ica t ed  
our  d i s c u s s i o n  on t h e  continued vigor  of a n a t i o n a l  space program. We d i d  n o t ,  f o r  

As a body we were not charged wi th  nor d id  w e  
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i n s t a n c e ,  address  ourse lves  t o  the  ques t ion  of whether t he  very  l a rge  c o s t  of developing 
the  Sa tu rn  boos te rs  could be j u s t i f i e d  on s c i e n t i f i c  grounds. Nor should w e  have; t h e  
development of t he  Sa turn  boos te rs  i s  a l ready  f i rmly  committed f o r  o t h e r  reasons.  The 
ques t ions  we faced were whether t he  app l i ca t ion  of such boos te r s  t o  the  b i o l o g i c a l  
exp lo ra t ion  of t he  s o l a r  system - of Mars i n  p a r t i c u l a r  - can answer well-framed and 
important  s c i e n t i f i c  ques t ions ;  and what p r i o r i t y  these  ques t ions  m e r i t  w i t h i n  the  
space program. 

_J .' The essence of our  conclusions (pages 10-12) i s  t h a t  t h e  exp lo ra t ion  of Mars -- 
motivated by b i o l o g i c a l  ques t ions  - -  does indeed m e r i t  t he  h ighes t  s c i e n t i f i c  p r i o r i t y  
i n  t h e  n a t i o n ' s  space program over  the  next  decades.  We concluded, f u r t h e r ,  t h a t  t he  
favorable  oppor tun i t i e s  f o r  explora t ion  between 1969 and 1973 can and should be exp lo i t ed  
as v igorous ly  as poss ib l e .  
represented  by so l a rge  a group as ours  t h e  unanimity achieved on these  b a s i c  conclu- 
s ions  i t s e l f  merits emphasis. 

Considering t h e  d i v e r s i t y  of d i s c i p l i n e  and persuas ion  

We achieved, understandably,  less unanimity on p r e c i s e l y  what course the  explora-  
t i o n  should take .  There w a s  a small minori ty  among us  which i n s i s t e d  t h a t  t he  f i r s t  
oppor tuni ty  be taken t o  land a mission on Mars equipped w i t h  even a minimum of a n a l y t i c a l  
devices .  The major i ty  view leaned towards a more g r a d u a l i s t i c  approach. I t s  foundat ion 
w a s  twofold: (1) the  t e n e t  t h a t  s p e c i f i c a l l y  b i o l o g i c a l  ques t ions  should be asked i n  an 
ordered  sequence of exp lo ra t ion  whose purpose i s  t o  understand the  o v e r a l l  evolu t ion  of 
t h e  p l a n e t ' s  c r u s t  and atmosphere; and (2) t h e  l a rge  amount of work t h a t  remains t o  be 
done i n  des igning  and equipping a lander  wi th  t h e  d i v e r s i t y  of s enso r s  necessary f o r  
s tudy of a l i f e  of unce r t a in  c h a r a c t e r i s t i c s .  The program emerging from t h i s  approach 
begins  wi th  emphasis on o r b i t e r  missions designed t o  en la rge  our  knowledge of t he  
as t ronomica l ,  geophysical  and geochemical f e a t u r e s  of Mars and i t s  seasonal  changes. 
Such new knowledge of the  Mart ian environment w i l l  g r e a t l y  enhance chances f o r  t he  
success  of subsequent landing missions.  And, f u r t h e r ,  i t  w i l l  a l s o  permi t ,  p r i o r  t o  
landing ,  a s u b s t a n t i a l  r e - eva lua t ion  of a l l  those f e a t u r e s  on which our  p re sen t  
judgement of t he  p l a u s i b i l i t y  of Martian l i f e  depends. 

Th i s  Study w a s  prompted by a s p e c i f i c  reques t  from the  Nat iona l  Aeronaut ics  and 
Space Adminis t ra t ion t o  the  Nat iona l  Academy of Sciences.  But i n  another  way i t  has  
been only  the  n a t u r a l  culminat ion of  a d i scuss ion  of many yea r s  i n  which many of t he  
working group members have p a r t i c i p a t e d .  
ass igned  mission,  i t  thus  depends on the work of s eve ra l  e a r l i e r  committees and smaller 
symposia; and the  conclusions and recommendations i t  p resen t s  are the  product of 
prolonged d e l i b e r a t i o n  and s c r u t i n y .  
burden of r e s p o n s i b i l i t y  which such a c o s t l y  program as Mart ian exp lo ra t ion  e n t a i l s ;  
and none of them f a i l e d  t o  sense the  magnificent chal lenge and oppor tuni ty  t h a t  i s  now 
be fo re  s c i e n t i f i c  man. 

To t h e  ex ten t  i t  has  succeeded i n  i t s  

None of t he  working group f a i l e d  t o  sense the  

It i s  a p leasure  t o  express  on behalf  of t h e  e n t i r e  working group a s p e c i a l  no te  
of thanks t o  the  Study 's  secretariat. 
M r .  J. P.  T .  Pearman (Executive Director)  c a r r i e d  u s  over many d i f f i c u l t  problems i n  
t h e  course  of a long summer's work; and t h e  whole t a s k  w a s  made e a s i e r  by the  t ireless 
suppor t  of h i s  s t a f f  - D r .  E .  A. Shneour, Miss A. K .  G r i t t n e r ,  M r .  E .  Ot tesen ,  M r .  R .  A 
F i s h e r  and M i s s  J.  A. Durbin. 

The devoted e f f o r t  and t h e  imaginat ion of 

Col in  S .  P i t t e n d r i g h  
Chairman of t he  Study 
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. 
BIOLOGY AND THE EXPLORATION OF MARS 

SUMMARY AND CONCLUSIONS 

I. The Origin and Nature of Life 

The modern, naturalistic view of life's origin and evolution dates from the 
foundations of modern biology a century ago. Implicit in the evolutionary treatment 
of life is the proposition that the first appearance of organisms was only a chapter 
in the natural history of the planet as a whole. 
in his view that the origin of life was a fully natural, perhaps inevitable, step in 
the ontogeny of the Earth. 
transfer - living organisms - had their origin in the sequence of chemical changes 
that were part of the planet's early history. 

Oparin later made this notion explicit 

Systems capable of self-replication and controlled energy 

The tractability of this great inductive step to further discussion has been 
enhanced by the progress of terrestrial cellular biology and biochemistry over the 
last few decades. What has emerged from that progress is a unified picture of life 
at the subcellular and chemical levels, underlying the unity at higher levels which 
so largely influenced Darwin. Not only is there a common pattern to the structure of 
cellular organelles - membranes, mitochondria, nuclear apparatus, etc. - but a still 
more surprising unity is found in its molecular constituents. Everywhere on Earth the 
essential catalytic functions are discharged by proteins, energy transfer effected by 
ATP, and the synthesis of proteins today controlled by an elaborate nucleic acid 
system. The same enzymatic cofactors are found in organism after organism; particular 
metabolic pathways recur from cell to cell; and everywhere the fundamental functions 
of information storage and replication are assigned to the nucleic acids. 

To a significant extent the discussion of life's origin must concern the origin 
of those molecular types that are crucial in cellular organization: the origin of 
nucleic acids, of proteins, of carbohydrates, and so on. 

In the 1950's a series of experiments was initiated in which the synthesis of 
biologically important compounds was accomplished by applicatioq of energy to pre- 
sumptive primitive environments. The list includes: amino acids and their polymers; 
carbohydrates and fatty acids;purines and pyrimidines; nucleotide$, including adenosine 
triphosphate (ATP), and oligonucleotides - every major category of molecular sub-unit 
of which the cell is built. 

The credibility of the naturalistic, evolutionary view of life's origin as an 
exploitation of previous chemical evolution on a sterile Earth is greatly heightened 
by these results: the great chemical complexity of its molecular constituents does 
not, in last analysis, require the intervention of the cell itself. 

The general tenet that life involves no qualitative novelty - no glan vital - 
goes hand in hand with the more explicit proposition that it is the molecular organi- 
zation, as such, of living things that alone distinguishes them from the non-living. 
The central issue in discussing origins now concerns not SO much the prior evolution 
of complexity in molecular constituents as the attainment of their organization into 
a system that is alive. It is here we lack any sure guides - save one - on the cont- 
gency involved; on how improbable it all was. That one lead comes from the great and 
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well-known advances of molecular gene t ics  i n  the  p a s t  t en  years .  

The essence of o rgan iza t ion  i n  one sense i s  i t s  improbabi l i ty ,  i t s  dependence 
on s p e c i f i c a t i o n  o r  information.  And the  most c h a r a c t e r i s t i c  f e a t u r e  of l i v i n g  organ-  
i z a t i o n s  - organisms - i s  t h e i r  capac i ty  t o  s t o r e  and r e p l i c a t e  the  evolving informa- 
t i o n  on which t h e i r  ex i s t ence  depends. The h igh  po in t  of our  biochemical advance has  
been i d e n t i f i c a t i o n  of t he  molecular bas i s  of t hese  de f in ing  c h a r a c t e r i s t i c s .  It i s  
a s ton i sh ing  how much w e  have r e c e n t l y  learned about t he  manner i n  which the  informa- 
t i o n  underlying l i f e ' s  o rgan iza t ion  i s  encoded i n  molecular s t r u c t u r e ;  t h a t  w e  under- 
s tand  how t h a t  molecular s t r u c t u r e  i s  r e p l i c a t e d ;  and f u r t h e r  t h a t  simple polynucleo- 
t i d e s  have been synthesized i n  c e l l - f r e e  systems. 

I t  remains unc lea r ,  of course,  what  p r e c i s e  sequence of events  exp lo i t ed  the  
oppor tun i t i e s  a f forded  by the  pure ly  chemical evo lu t ion  of t he  e a r t h ' s  su r f ace  and 
atmosphere. But a t  some poin t  i n  t h e  unknown sequence a community of molecules would 
have been f u l l y  recognizable  t o  us  as a l i v i n g  as aga ins t  a non-l iving thing:  i t  
would have been bounded from i t s  environment by a membrane, capable  of con t ro l l ed  
energy expendi ture  i n  f a b r i c a t i n g  more of i t s e l f  and endowed wi th  the  capac i ty  t o  
s t o r e  and r e p l i c a t e  information.  

We cannot ful ly .know the  p r e c i s e  course of t h e  E a r t h ' s  e a r l y  chemical evo lu t ion ,  
and the  degree of contingency involved i n  the  subsequent t r a n s i t i o n  t o  a l i v i n g  organ- 
i z a t i o n  of molecules;  and f o r  t hese  reasons w e  cannot f u l l y  assess j u s t  how probable  
o r  improbable l i f e ' s  o r i g i n  was a t  the o u t s e t  of our  own p l a n e t ' s  evolu t ion .  Nor can 
we e s t ima te  t o  what ex ten t  t he  emerging p i c t u r e  of a s i n g l e  chemical b a s i s  t o  l i f e  on 
E a r t h  r e f l e c t s  a phys ica l  necess i ty  f o r  l i v i n g  o rgan iza t ion  as aga ins t  a mixture  of 
phys i ca l  su f f i c i ency  and h i s t o r i c a l  acc ident .  Can the  c a t a l y s i s  e s s e n t i a l  t o  b io -  
chemical o rgan iza t ion  be e f f e c t e d  only by p r o t e i n s  conta in ing  t h e  20 amino a c i d s  
w e  encounter  i n  c e l l s ?  A r e  t he  nucleic  a c i d s  the  only polymers, f o r  phys ica l  reasons,  
t h a t  can c a r r y  molecular information on s a t i s f a c t o r i l y ?  
c a l  g e n e r a l i z a t i o n s  about l i f e  on Earth,  such as o p t i c a l  a c t i v i t y ,  merely r e f l e c t i o n s  
of t he  h i s t o r i c a l  contingency t h a t  gave such molecules f i r s t  access  t o  l i v i n g  
o rgan iza t ion ,  thus  prempting the  f i e l d  and prec luding  r e a l i z a t i o n  of o the r  phys i ca l ly  
s u f f i c i e n t  molecular foundat ions f o r  l i f e ?  

O r  are these  and o the r  empir i -  

To the  e x t e n t  w e  cannot answer these ques t ions  w e  lack  a t r u e  t h e o r e t i c a l  
biology as aga ins t  an e l abora t e  na tu ra l  h i s t o r y  of l i f e  on t h i s  p l ane t .  We cannot 
prejudge the  l i ke l ihood  of l i f e ' s  appearance on Ea r th ;  t h e r e f o r e  w e  cannot conf iden t ly  
t ake  the  g r e a t  i nduc t ive  s t e p  when we are t o l d  by astronomers t h a t  t he re  may be 1020 
p lane ta ry  systems elsewhere i n  the  universe  wi th  h i s t o r i e s  comparable t o  our  own. One 
t h i n g  i s  c l e a r  - i f  l i f e  i s  unique t o  our p l ane t  t he  p r o b a b i l i t y  of i t s  o r i g i n  
must be almost unimaginably low. 
p rec i ab le ,  

I f ,  on t h e  o t h e r  hand, t h e  p r o b a b i l i t y  i s  a t  a l l a p -  
l i f e  must be abundant i n  the  1020 p lane ta ry  systems t h a t  f i l l  t he  sky. 

What i s  a t  s t ake  i n  t h i s  uncer ta in ty  i s  nothing less than knowledge of our  p l ace  
i n  na tu re .  It i s  t h e  major reason why the  sudden oppor tuni ty  t o  explore  a neighboring 
p l a n e t  f o r  l i f e  i s  so  immensely important.  

W e  emphasize t h a t  t h e  a c t  of discovery i t s e l f  would have t h i s  g r e a t  s c i e n t i f i c ,  
and f o r  t h a t  matter phi losophica l ,  impact. But i t  i s  a l s o  important  t h a t  d i scovery  
would, i n  another  way, be only the  beginning. The ex i s t ence  and a c c e s s i b i l i t y  of 
Mar t ian  l i f e  would mark the  beginning of a t r u e  gene ra l  biology,of which the  t e r res t r ia l  
i s  a s p e c i a l  case.  
of t h a t  a s ton i sh ing  molecular s i m i l a r i t y  i n  a l l  t e r r e s t r i a l  organisms. I s  i t  t h e r e  as 
a phys ica l ly  necessary b a s i s  f o r  l i f e ?  O r  i s  i t  - phys ica l ly  s u f f i c i e n t  bu t  not  

We would have a unique oppor tuni ty  t o  shed new l i g h t  on the  meaning 
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necessary  - an h i s t o r i c a l  acc ident  i n  the sense t h a t  i n  another  i n s t ance  of p l ane ta ry  
evo lu t ion  a d i f f e r e n t  bas i c  chemical complexity could equa l ly  w e l l  have emerged and 
preempted the  l o c a l  opportuni ty  f o r  l i f e ?  

11. The P o s s i b i l i t y  of L i f e  on Mars 

No thought fu l  person w i l l  d i sagree  wi th  our  a s s e r t i o n  on the  s c i e n t i f i c  importance 
of l i f e  elsewhere i n  the  s o l a r  system. I t  i s  however another  matter t o  conclude t h a t  
search  f o r  i t  should proceed a t  once. The exp lo ra t ion  w i l l  be c o s t l y  i n  money and 
o t h e r  resources .  To undertake i t  w e  need  me assurance i t  i s  not  f o l l y  from the  ou t -  
se t .  

I n t e r e s t  immediately focuses  on Mars. The nea res t  and most E a r t h - l i k e  of t h e  
p l a n e t s  i n  the  s o l a r  system a r e  Mars and Venus, bu t  t he  su r face  of Venus has  been 
t e n t a t i v e l y  excluded as a poss ib l e  abode of l i f e ,  because of the  probably h igh  su r face  
temperatures .  The Martian year  i s  long (687 days) bu t  t he  length  of i t s  day i s  
c u r i o u s l y  s imilar  t o  t h a t  of Ea r th ,  a f a c t  t h a t  t o  cons iderable  degree amel iora tes  an 
o therwise  very  severe  environment. 

Mars has  r e t a ined  an atmosphere, a l though i t  i s  th in :  p re sen t  estimates of pressure  
at t h e  su r face  range from 10 t o  80 m i l l i b a r s .  The major c o n s t i t u e n t s  are un iden t i f i ed ,  
bu t  are thought t o  be n i t rogen  and argon. Carbon dioxide has  been i d e n t i f i e d  spec t ro -  
s c o p i c a l l y  and i t s  p ropor t iones t ima ted  t o  l i e  between 5% and 30% by volume. Oxygen 
has  been sought but  not  de t ec t ed ;  t h e  s e n s i t i v i t y  of measurement impl ies  a propor t ion  
not  g r e a t e r  than  0.1% by volume. Water vapor has  a l s o  been i d e n t i f i e d  spec t roscop ica l -  
l y  as a minor atmospheric cons t i t uen t  i n  the  amount of 2 x l o e 3  g ~ r n - ~ .  (For compari- 
son,  approximate t e r res t r ia l  va lues  of the  q u a n t i t i e s  given above are :  su r f ace  p re s su re  
1000 m i l l i b a r s ;  carbon dioxide 0.03%; oxygen 20%; water vapor 3 g cm- ) .  2 

The i n t e n s i t y  of u l t r a v i o l e t  r a d i a t i o n  a t  the  Mart ian su r face  may be h igh  by com- 
pa r i son  wi th  Ear th  but  t h i s  i s  not yet  c e r t a i n ;  some models of t he  composition of the  
atmosphere al low f o r  e f f e c t i v e  sh ie ld ing .  

Surface temperatures  over lap  the  range on Earth:  a t  some l a t i t u d e s  and seasons 
they have a d a i l y  h igh  of +30"C wi th  a d i u r n a l  range of about 100°C. 

There are two white  po la r  caps whose composition has  been t h e  sub jec t  of some 
cont roversy .  The evidence now i s  c l e a r  t h a t  they a r e  i c e ,  i n  the  form of hoar  f r o s t .  
They undergo a seasonal  waxing and waning which i s  probably accompanied by an atmospher- 
i c  t r a n s f e r  of water vapor from one hemisphere t o  another .  

Our knowledge of what l i es  between the  po la r  caps i s  l imi t ed  t o  t h e  d i s t i n c t i o n  
between the  so -ca l l ed  "dark" and "bright" areas and t h e i r  seasonal  changes.  The l a t t e r ,  
u s u a l l y  considered "deser t s" ,  a r e  an orange-ochre o r  buff c o l o r .  The former are much 
l e s s  v i v i d l y  colored.  It i s  l i k e l y  tha t  e a r l y  d e s c r i p t i o n s  of t he  dark  areas as green 
r e s u l t  from an o p t i c a l  i l l u s i o n  due t o  c o n t r a s t  w i th  the  orange "br ight"  areas. 

B io log ica l  i n t e r e s t  never the less  cont inues  t o  cen te r  on the  "dark" a reas .  I n  
s e v e r a l  r e s p e c t s  they  e x h i b i t  t he  kind of seasonal  change one would expect  were they 
due t o  t h e  presence of organisms absent i n  t h e  "br ight"  (dese r t )  areas. I n  sp r ing  
the  r eces s ion  of t h e  i c e  cap i s  accompanied by development of a dark c o l l a r  at  i t s  
border ,  and as the  sp r ing  advances a wave of darkening proceeds through t h e  da rk  areas 
toward t h e  equator  and, i n  f a c t ,  overshoots i t  20' i n t o  the  oppos i te  hemisphere. 

P o l a r i m e t r i c  s t u d i e s  suggest t h a t  much of t h e  Mart ian su r face  may be covered wi th  
s m a l l  sub-mil l imeter  s i zed  p a r t i c l e s .  The curve on which t h i s  i n fe rence  i s  based shows 
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a seasonal  displacement i n  the  dark a reas ,  but  no t  i n  the  b r i g h t .  I n f r a r e d  abso rp t ion  
f e a t u r e s  have been a t t r i b u t e d  t o  the  dark areas, suggest ing abundant H-C bonds t h e r e ,  
but  more recent  a n a l y s i s  throws g r e a t  doubt on t h i s  i n t e r p r e t a t i o n ,  l eav ing  us  wi th  no 
d e f i n i t e  information,  one way o r  t he  o ther ,  about t he  ex i s t ence  and d i s t r i b u t i o n  of 
organic  matter. 

Needless t o  say,  none of these  inferences  about t he  Martian dark areas demands 
the  presence of organisms f o r  t h e i r  explanat ion.  

Indeed, t he  ques t ion  i s  whether the Mart ian environment could support  l i f e  a t  
a l l ;  and f u r t h e r ,  whether i t s  h i s t o r y  would have permit ted the  indigenous o r i g i n  of 
l i f e .  These are c l e a r l y  d i f f e r e n t  quest ions.  Our answer t o  the  f i r s t  ques t ion  i s  
t h a t  w e  f i nd  no compelling evidence tha t  Mars could no t  support  l i f e  even of  a kind 
chemical ly  s imilar  t o  our  own. Were oxygen p resen t  t o  the  small  l i m i t i n g  e x t e n t  
c u r r e n t  measurements a l low,  a f u l l y  aerobic  r e s p i r a t i o n  would be poss ib l e .  But even 
i t s  t o t a l  absence would not of i t s e l f  preclude l i f e .  One of our more rewarding 
e x e r c i s e s  has  been the  chal lenge t o  cons t ruc t  a Mart ian ecology assuming the  most 
adverse condi t ions  ind ica t ed  by present  knowledge: i t  posed no insuperable  problem. 
Some terrestrial  organisms have a l r e a d y  been shown t o  surv ive  freeze-thaw cyc le s  of 
+30° t o  -70°C.  Others  are known t o  cope wi th  extremely low humidi t ies  and d e r i v e  
t h e i r  water supply metabol ica l ly .  There are many conceivable  ways of coping wi th  a 
s t rong  f l u x  of u l t r a v i o l e t  (and even of e x p l o i t i n g  i t  as an  energysource) .  
h i s t o r y  of our  own p lane t  provides  plenty of evidence t h a t ,  once a t t a i n e d ,  l i v i n g  
o rgan iza t ion  i s  capable of evolving adjustments t o  very  extreme environments. And, 
f i n a l l y ,  we are reminded t h a t  t he  evidence w e  have on Mart ian condi t ions  i s  very  
coarse-grained,  a s o r t  of average t h a t  takes  account of almost no l o c a l  v a r i a t i o n s  
dependent on topography. 
numerical  estimates i t  i s  l i k e l y  t h a t  t h e r e  ex is t ,  perhaps abundantly - as on Ea r th  - 
p laces  where the  extremes of t e m p e r a t u r e ,  a r i d i t y ,  and adverse i r r a d i a t i o n  are 
markedly ameliorated.  Even the  presence of water i n  the  l i q u i d  phase i s  perhaps not  
un l ike ly ,  i f  only t r a n s i e n t l y ,  by season, i n  the  subso i l .  

The 

Within the  range of cond i t ions  represented  by our  present  

A measure of our judgment t h a t  niches i n  the  contemporary Mart ian environment 
could support  l i f e  of a s o r t  comparable t o  t h a t  of Ea r th  i s  provided by our  over -  
r i d i n g  concern wi th  the  danger of i nadve r t en t ly  contaminating Mars wi th  terrestrial  
organisms. We s h a l l  r e t u r n  t o  t h i s  problem la te r .  

The o the r  ques t ion  - whether l i f e  i n  f a c t  is t h e r e  - depends on our  judgment of 
The a p r i o r i  p r o b a b i l i t y  of o r i g i n  w e  can how probable  i t s  o r i g i n  on Mars has  been. 

no t  assess, even f o r  Ear th ;  i t  i s  t he  p r i n c i p a l  reason f o r  cons ider ing  exp lo ra t ion  
i n  t h e  f i r s t  p l ace .  

Given a l l  the  evidence p resen t ly  a v a i l a b l e  w e  be l i eve  i t  e n t i r e l y  reasonable  t h a t  
Mars i s  inhab i t ed  wi th  l i v ing  organisms and t h a t  l i f e  independently o r i g i n a t e d  t h e r e .  
However, i t  should be c l e a r l y  recognized t h a t  our conclusion t h a t  t he  b i o l o g i c a l  
exp lo ra t ion  of Mars w i l l  be a rewarding .venture does not  depend on the  hypothes is  of 
Mart ian l i f e .  The s c i e n t i f i c  quest ions which ought no t  t o  be prejudged are: 

a. I s  t e r r e s t r i a l  l i f e  unique? The discovery of Martian l i f e ,  
whether ex tan t  o r  e x t i n c t ,  would provided an unequivocal 
answer. 

b.  What i s  the  geochemical (and geophysical)  h i s t o r y  of an 
E a r t h - l i k e  p lane t  undisturbed by l i v i n g  organisms? I f  w e  
d i scover  t h a t  Mars i s  s t e r i l e  w e  may f i n d  answers t o  t h i s  
a l t e r n a t i v e  and h ighly  s i g n i f i c a n t  ques t ion .  
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111. The Scientific Aims of Martian Exploration 

We approach the prospect of Martian exploration as evolutionary biologists. 
origin of organisms was a chapter in the natural history of the Earth's surface. 
hypothesis to be tested is a generalization from that single case: the origin of living 
organization is a probable event in the evolution of all planetary crusts that resemble 

The 
The 

ours. We thus conceive the over-all mission as a systematic study of the evolution of 
the Martian surface and atmosphere: has that evolution included, in some niches of the 
planet, chemical systems with the kind of organization we would recognize as "living"? 

Our aims in summary form are: 

(1) The determination of the physical and chemical conditions of the Martian 
surface as a potential environment for life, 

(2) the determination whether or not life is or has been present on Mars, 
(3) the characteristics of that life, if present, and 
(4) invesblgation of the pattern of chemical evolution without life. 

This formulation emphasizes that as biologists we have as much interest as the 
planetary astronomers in a thorough study of the meteorology, geochemistry, geophysics, 
and topography of Mars. Whatever the outcome of a direct search for life, its full 
meaning will escape us  unless the findings can be related to the prevailing environment. 

IV. Avoiding the Contamination of Mars 

Before proceeding to the more programmatic aspects of the undertaking, we are 
concerned to single out the task of spacecraft sterilization from the many and diverse 
problems that Martian exploration will entail. We believe that many of our non- 
biologist colleagues have still not fully grasped either the magnitude or the funda- 
mental importance of this issue. 

Contamination of the Martian surface with terrestrial microbes could irreversibly 
destroy a truly unique opportunity for mankind to pursue a study of extraterrestrial 
life. Other future uses of Mars are not evident to u s  now; whatever they are, they 
may be clumsily destroyed by premature and uninformed mistakes in our program. We are 
eager to press Martian exploration as expeditiously as the technology and other factors 
permit. However, our present sure knowledge of Mars is very slim and so our recommen- 
dation to proceed is subject to one rigorous qualification: that no viable terrestrial 
microorganism reach the Martian surface until we can make a confident assessment of the 
consequences. 

In operational context this means that the probability of a single viable 
organism reaching the Martian surface be made small enough to meet scientifically 
acceptable standards. 
continually reexamined in the light of all new information. Moreover, every effort 
should be made to ensure the continued acceptance by other launching nations of the 
recommended confidence levels for protection of Mars against contamination. The 
technical problems precipitated by this demand include the control of trajectories to 

These standards, already established provisionally: should be 

* Report of COSPAR Seventh Meeting, Florence, Italy, May 1964, Resolution 26 
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an accuracy sufficient to prevent the accidental impact of unsterilized payloads, the 
development of sterilizable spacecraft components for vehicles intended for landing, 
the development of procedures which will prevent the introduction of microorganisms 
and the means for establishing the reliability of the entire program. Since we have 
not yet succeeded in sterilizing a space vehicle, the problem must be considered un- 
solved. 

An energetic program for the development of sterilization procedures of space 
vehicles and their components must be implemented immediately if we are to take advan- 
tage of the opportunities which will arise between 1969 and 1973. We must guard not 
only against accidental neglect of necessary safeguards but also against placing 
ephemeral considerations of prestige above enduring scientific significance and 
utilitarian value in our exploration of space. 

v. Avenues of Approach to the Exploration of Mars 

For convenience, we distinguish four categories of work that can contribute to 
attaining our goals: (a) laboratory work needed to develop techniques for planetary 
investigations and the knowledge needed to interpret their findings; (b) Earth-bound 
astronomical studies of Mars; (c) the use of spacecraft for the remote investigation 
of Mars; and (d) a direct study of the Martian surface by landing missions. 

(a) Laboratory work 

The consideration of the evolution of life on Mars raises many problems which 
can be studied in Earth-based laboratories. Such studies are, in fact, essential to 
provide the background against which the results of planetary missions must be inter- 
preted. The work includes the chemical analysis of meteorites, especially with re- 
spect to their content of organic compounds, and the extension of studies on the. 
spontaneous formation of organic molecules and their aggregation into larger units. 
These investigations may reveal to us the mechanism by which not only the materials 
essential for living organisms were first formed, but also the origin of reactions and 
mechanisms that lead to the formation of organized structures and their self-perpetua- 
tion. Other possibly interesting lines of effort include alternatives to the carbon- 
water system of biochemistry and simulations of Martian and other planetary environ- 
ments. While some of these simulated environments may allow terrestrial microorganisms 
or enzyme systems to function, others may be more conducive to the activity of reaction 
systems based on alternative biochemistries. 

It will become clear later that considerable work remains to be doqe in defining 
schemes for life detection and in developing the instrumentation to exploit them. 

(b) Earth-bound Astronomical Studies of Mars 

The observation of Mars from terrestrial observatories enjoys the advantages 
of economy, absence of weight and size limitations, and high data rate. It is however 
limited by the terrestrial atmosphere in attainable resolution and spectral range and 
further constrained by daylight and weather. Nevertheless, much valuable work could 
be conducted at a cost which is low compared to that of space programs if the nation's 
large instruments were made available during prime seeing time for the observation of 
Mars. The use of 120" and 200" optical telescopes and of the largest radio telescopes 
and interferometers could rapidly extend our knowledge of Mars. We support the 
recommendations of another committee of the National Academy of Sciences* on the 

* Ground-Based Astronomy, A Ten-Year Program, National Academy of Sciences 
Publication No. 1234, 1964. 
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need f o r  a d d i t i o n a l  ground based astronomical  f a c i l i t i e s .  Por such f a c i l i t i e s  t o  play 
a s i g n i f i c a n t  r o l e  i n  the  planning of 1969-73 Mars missions work on t h i s  program must 
be begun e a r l y .  

(c) The use of Spacecraf t  f o r  Remote Observat ion of Mars 

Some of t h e  observa t iona l  l i m i t a t i o n s  imposed by the  terrestrial  environment 
can be overcome by balloon-borne obse rva to r i e s  bu t  s ince  they are seve re ly  r e s t r i c t e d  
i n  s i z e  and observa t ion  t i m e  t h e i r  usefu lness  i s  l imi t ed ;  i t  i s  a l s o  r e s t r i c t e d  by 
absorp t ion  i n  the  Earth's atmosphere. The p ro jec t ed  Ea r th -o rb i t i ng  astronomical  obser -  
va tory  (OAO) overcomes some of t hese  l i m i t a t i o n s  and w e  be l i eve  the  observa t ion  of Mars, 
p a r t i c u l a r l y  i n  t h e  u l t r a v i o l e t ,  should be included i n  the  p lans  f o r  i t s  use.  

I t  i s ,  however, from Martian f ly-by missions and, i n  p a r t i c u l a r ,  from Mart ian 
o r b i t e r s  t h a t  t he  remote observa t ion  of t h a t  p l ane t  i s  b e s t  undertaken. We hope t o  
ob ta in  our  f i r s t  c loseup information on the  Mart ian su r face  from the  v ideo  scan t o  be 
c a r r i e d  ou t  by Mariner I V  and t o  g a i n  a d d i t i o n a l  knowledge of atmospheric d e n s i t y  by 
observa t ion  of t h e  te lemet ry  s i g n a l s  during o c c u l t a t i o n  of t he  spacec ra f t .  

Fly-by missions are, however, severe ly  l imi t ed  i n  the  t i m e  a v a i l a b l e  f o r  observa- 
t i o n ;  they provide at  b e s t  a f l e e t i n g  glimpse of t he  p l ane t .  

Mart ian o r b i t e r s  w i l l  be t echn ica l ly  poss ib l e  f o r  t h e  oppor tun i t i e s  of 1969 and 
t h e r e a f t e r .  They o f f e r  an unpara l le led  oppor tuni ty  t o  s c r u t i n i z e  the  p l a n e t  a t  
comparatively s h o r t  range. P o t e n t i a l  o r b i t e r  payloads have been examined by another  
group and compositions of such payloads have been suggested f o r  a range of instrument  
weights  up t o  200 lbs .  (which i s  wi th in  the  c a p a b i l i t y  of the  Sa turn  IB-Centaur).For 
example, a modest payload which any of  s e v e r a l  v e h i c l e s  could p l ace  i n  o r b i t  could 
inc lude  instruments  f o r  (1) i n f r a r e d  and t e l e v i s i o n  mapping; (2) microwave radiometry 
and b i s t a t i c  r ada r ;  (3) i n f r a r e d  spectrometry; and ( 4 )  o p t i c a l  polar imetry.  These 
senso r s  would y i e l d  informat ion  on temperatures,  su r f ace  and atmospheric composition, 
topography, c e r t a i n  c h a r a c t e r i s t i c s  of  su r f ace  s t r u c t u r e ,  e t c .  and, most important  of 
a l l ,  permit  a sus ta ined  s c r u t i n y  through a f u l l  cyc le  of seasonal  change and over a 
major f r a c t i o n  of t he  Mart ian surface.  

(d) Mart ian landing missions: ABLIS s m a l l  and l a rge  

While i t  i s  conceivable  tha t  t h e  f ind ings  of a Mart ian o r b i t e r  could e s t a b l i s h  
t h e  presence of l i f e  on t h e  p l a n e t ,  we are i n  any case  convinced t h a t  landing missions 
are e s s e n t i a l  f o r  adequate Martian explora t ion .  The d e f i n i t i o n  of lander  payloads i s  
a complex and demanding t a s k  which we have only begun t o  explore .  

The i r  des ign  i s  t o  some ex ten t  dependent on our  knowledge of t h e  s t r u c t u r e  of t he  
Mart ian atmosphere. The s i z e  of t he  payload t h a t  can be depos i ted  depends, f o r  i n -  
s t ance ,  on whether t h e  use of a parachute i s  f e a s i b l e  o r  whether t h e  d e n s i t y  of t h e  
atmosphere i s  so  low as t o  r equ i r e  the use of r e t r o r o c k e t s  - t h i s  i s  e s p e c i a l l y  
c r i t i c a l  f o r  s m a l l  payloads.  I n  t h i s  connect ion,  w e  no te  the  p o s s i b i l i t y  t h a t  t h e  
d e n s i t y  p r o f i l e  of t h e  Martian atmosphere w i l l  be determined by astronomical  means, o r  
by Mariner IVY wi th  s u f f i c i e n t  p rec i s ion  f o r  t he  purpose of designing a landing system. 
A more d i r e c t  method f o r  studying the Mart ian atmosphere involves  the  use  of non- 
su rv ivab le  atmospheric e n t r y  probes t h a t  could t ransmi t  in format ion  on atmospheric 
d e n s i t y  s t r u c t u r e  and composition. Such probes could be launched from e i t h e r  f ly-bys  
o r  o r b i t e r s .  S ince  t h e i r  design i s  not dependent on atmospheric dens i ty ,  t hese  are 
u s e f u l  devices  f o r  ob ta in ing  advance in fo rma t i any i f  needed, f o r  t he  su rv ivab le  landing 
of an instrument  package. The view has a l s o  been presented  t h a t  a small surv iv ing  
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capsule  would have even more value,  i n  t h a t  it might determine not  only the  d e n s i t y  
p r o f i l e  of t he  atmosphere, bu t  a l s o  i t s  composition a t  the  su r face ,  wind v e l o c i t y  and 
o t h e r  da t a  t h a t  would enhance t h e  p robab i l i t y  of success  of a l a rge  lander .  

However, i f  w e  had a complete knowledge of these  p r e r e q u i s i t e s  f o r  a success fu l  
su rv ivab le  lander ,  our  p r i n c i p a l  design d i f f i c u l t y  would remain: i t  concerns the  
problem of l i f e - d e t e c t i o n .  What minimal set of assays  w i l l  permit us  t o  d e t e c t  
Mart ian l i f e  i f  i t  does exis t?  A debate on t h i s  ques t ion  f o r  t he  pas t  s e v e r a l  yea r s  
has  y ie lded  a v a r i e t y  of competing approaches. Each of t hese  i s  d i r e c t e d  t o  some 
man i fe s t a t ion  of l i f e  according t o  t h e c u e s  of terrestrial biology.  Needless t o  say,  
v i s u a l  reconnaissance,  from microscope t o  te lescope,  i s  one of t h e  most a t t r a c t i v e  of 
these  f o r  it o f f e r s  t he  expec ta t ion  tha t  many recognizable  h i n t s  of l i f e  would 
inimediately a t t r a c t  our  a t t e n t i o n .  However, w e  can e a s i l y  imagine circumstances i n  which 
t h i s  type of observa t ion  would be inconclusive.  Many o t h e r  suggested procedures  seek 
t o  i d e n t i f y ,  a t  the  o u t s e t ,  t he  more fundamental biochemical s t r u c t u r e s  and processes  
t h a t  w e  would, i n  any case ,  explore  i n  depth.  No one of t hese  ana lyses ,  however, 
whether photosynthesis  o r  r e s p i r a t i o n ,  DNA o r  p r o t e i n s ,  growth, enzymes o r  metabolism, 
o r ,  i n  a f i g u r a t i v e  sense,  f l e a s  o r  e lephants ,  can be su re  of f ind ing  i t s  t a r g e t  and 
r e l i a b l y  r epor t ing  on i t  under a l l  circumstances,  nor would any s i n g l e  approach s a t i s f y  
a l l  t h e  p a r t i c u l a r  i n t e r e s t s  t h a t  motivate d i f f e r e n t  i n v e s t i g a t o r s  i n  t h e i r  search. 

We cannot recount  here  a l l  our d e l i b e r a t i o n s  on the  l i f e  d e t e c t i o n  problem. We 
have sought t he  most genera l ized  c r i t e r i a ;  among these  i s  n e t  o p t i c a l  a c t i v i t y ,  which 
i s  almost s u r e l y  the  r e s u l t  of s t e r i c  r e s t r i c t i o n s  imposed by an h i s t o r i c a l  acc ident  
i n  the  o r i g i n  of l i f e .  Another i s  the  presence i n  assays  of exponent ia l  f e a t u r e s  which 
can  only  be a sc r ibed  t o  growth and reproduct ion.  And we have reconci led  ourse lves  t o  
t h e  f a c t  t h a t  e a r l y  missions should assume an Ea r th - l ike  carbon-water type of b io-  
chemistry as the  most l i k e l y  b a s i s  t o  any Mart ian l i f e .  On t h a t  assumption enzymes t h a t  
should be widespread can be sought and growth may be demonstrable by t h e  use of gener-  
a l i z e d  media. 

The f a c t  remains, and dominates any at tempt  t o  d e f i n e  landers  f o r  d e t e c t i n g  l i f e ,  
t h a t  no s i n g l e  c r i t e r i o n  i s  f u l l y  s a t i s f a c t o r y ,  e s p e c i a l l y  i n  t h e  i n t e r p r e t a t i o n  of 
some negat ive  r e s u l t s .  To achieve the prev ious ly  s t a t e d  a i m s  of Mart ian exp lo ra t ion  
w e  must employ as mixed a s t r a t e g y  as poss ib l e .  

Discussion throughout our  s tudy has re turned  repea ted ly  t o  t h e  conclusions t h a t  
w e  would not  be convinced by negat ive  answers from s i n g l e  " l i f e -de tec to r s " ,  t h a t  g iven  
t h e  hazards  of any chemical o r  metabolic assay w e  should ensure  some d i r e c t  v i s u a l  
i n spec t ion  by t e l e v i s i o n ,  and t h a t  the lander  program must u l t ima te ly  involve an 
Automated B io log ica l  Laboratory (ABL). The ABL concept i s  not  f u l l y  def ined:  i t  
involves  p rov i s ion  f o r  t he  m u l t i p l i c i t y  and d i v e r s i t y  of chemical a n a l y t i c a l  techniques 
and b i o l o g i c a l  assays  t h a t  our  a i m s  c a l l  f o r ;  i t  involves , too ,  t he  idea  of an on-board 
computer by means of which a v a r i e t y  of programmed assay sequences can be i n i t i a t e d  
con t ingen t ly  on the  r e s u l t s  of p r i o r  s t eps ;  i t  a l s o  involves  t h e  i d e a  of a sus t a ined  
d iscourse  between the  computer and inves t iga to r s  on e a r t h .  I t  i s ,  i n  s h o r t ,  an  
ambit ious concept .  But our  prel iminary s c r u t i n y  of t he  ABL i d e a  sugges ts  t h a t ,  though 
ambit ious,  i t  i s ,  i n  p r i n c i p l e ,  r e a l i z a b l e  wi th  the  c u r r e n t  technology. 

I n  the  long run  w e  be l i eve  t h a t  manned expedi t ions  and the  r e t u r n  of Mart ian 
samples t o  the  Ea r th  w i l l  be p a r t  of the exp lo ra t ion  of t h e  p l a n e t .  Nei ther  of t hese  
i s  imminent, but  some of our  r eade r s  w i l l  be as su rp r i sed  as w e  were t o  d iscover  t h a t  
manned Mart ian miss ions  w i l l  probably be f e a s i b l e  i n  the  1980's .  Ce r t a in ly  n e i t h e r  
t he  r e t u r n  of samples nor the  sending of men t o  Mars w i l l  be s c i e n t i f i c a l l y  j u s t i f i a b l e  
u n t i l  unmanned landings  have prepared the  way. 
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VI. The Timinp and Overall S t r a t e g y  o f  Explorat ions 

A l l  of us would i n  p r i n c i p l e  p r e f e r  a g r a d u a l i s t i c  approach t o  the  u l t ima te  
g o a l s  of landing a l a r g e  ABL on Mars and, even tua l ly ,  of r e t u r n i n g  samples f o r  s tudy 
here .  I t  i s  c l e a r  on a l l  grounds - of  economy, and s c i e n t i f i c  prudence - t h a t  w e  
should exhaust  t he  p o s s i b i l i t i e s  of f u r t h e r  progress  using Earth-based obse rva t ions  
and non-landing missions t o  Mars. 

For  i n s t a n c e ,  a s t rong  ma jo r i ty  of t he  Working Group b e l i e v e s  a s u c c e s s f u L o r b i t e r  
program should precede a landing. The o r b i t e r  promises an immense ex tens ion  of our 
knowledge o f  t h e  atmosphere (its dens i ty  and chemical composition) and su r face  of Mars. 
I t s  c a p a b i l i t y  f o r  s u s t a i n i n g  seasonal  observat ion and e x t e n s i v e  topographic mapping 
w i l l  permit a thorough r e -eva lua t ion  of t he  s e v e r a l  Martian f e a t u r e s  t h a t  have been 
considered suggest ive of l i f e .  And i t  w i l l  p e r m i t  a f a r  b e t t e r  informed s e l e c t i o n  o f  
landing s i t e  f o r  t h e  u l t i m a t e  ABL missions.  I t  has t h e  f u r t h e r  merit of e f f e c t i n g  
t h i s  s u b s t a n t i a l  s t e p  forward wi th  minimum r i s k  of contaminating the su r face .  

C o n s t r a i n t s  t o  proceeding i n  a completely unhurr ied,  s t e p w i s e  f a sh ion  a r i s e  from 
s e v e r a l  sources ,  however. They a r e  a combination of c e l e s t i a l  mechanics and the  opera-  
t i o n a l  real i t ies  of space r e sea rch .  Any space experiment t a k e s  yea r s  o f  p repa ra t ion  
and budgetary commitment; t h e  p re l imina r i e s  t o  a c t u a l  f l i g h t  i nvo lves  yea r s  of e x p e r i -  
mental  design,  s p a c e c r a f t  development, and the  coord ina t ion  of e f f o r t  among l a r g e  
numbers of people i n  a wide range of d i s c i p l i n e s .  The s c i e n t i f i c  i n v e s t i g a t o r  no 
longer  has the t o t a l  freedom he usua l ly  enjoys t o  make t e n t a t i v e  starts,  t o  explore  
hunches without  f u l l  commitment, to  s top and follow another  course.  H e  i s  f u r t h e r  
plagued by the  prospect  of i nves t ing  years of work only t o  encounter a mission f a i l u r e  
o r  c a n c e l l a t i o n  i n  which i t  i s  a l l  l o s t  - a t  l e a s t  u n t i l  a new oppor tun i ty  arises 
perhaps yea r s  hence. H e  may chafe under these  circumstances but he must accept them 
i f  he wishes t o  proceed at  a l l .  The kind of Martian l ande r  t h a t  w e  v i s u a l i z e  w i l l  be 
a most complex and d i f f i c u l t  spacec ra f t  t o  bu i ld  and w i l l  r e q u i r e  t h e  combined e f f o r t s  
of many d i f f e r e n t  s c i e n t i f i c  s p e c i a l i s t s .  It w i l l  be ,  f o r  t h e s e  reasons,  most c o s t l y  
and time-consuming t o  develop. A Martian o r b i t e r  i s  a l s o  a much l a r g e r  undertaking 
than  any s c i e n t i f i c  s p a c e c r a f t  so f a r  flown. The po in t  i s  t h a t  we are confronted 
w i t h  t h e  n e c e s s i t y  of near-commitment many years  ahead of f l i g h t  t i m e ;  and the  oppor- 
t u n i t i e s  f o r  f l i g h t s  t o  Mars a r e  by no means always at  hand. The o r b i t s  of Ea r th  and 
Mars are such t h a t  t hese  o p p o r t u n i t i e s  a r e  now l imi t ed  t o  b r i e f  windows which r ecu r  
about every second year  but undergo a f u r t h e r  approximately 1 7  year  c y c l e  of f avorab le -  
nes s .  Our attempt t o  develop a systematic and g r a d u a l i s t i c  program i s  thLs cons t r a ined  
t o  some e x t e n t  by t h e  f a c t  t h a t  while  favorable  o p p o r t u n i t i e s  occur i n  the  1969-73 
pe r iod  they w i l l  not r e t u r n  before  1984-5." 

We have concluded t h a t  t he  1969-1973 o p p o r t u n i t i e s  can be and should be e x p l o i t e d  

* For these  reasons an a l t e r n a t i v e  s t r a t e g y  has been discussed:  i t  would allow t h e  
e a r l y  use of landing probes,  always providing t h a t  r e l i a b l e  decontamination systems 
w i l l  have been developed and au then t i ca t ed .  A minor i ty  opinion holds  t h a t  s m a l l  
l a n d e r s  may provide environmental  information u s e f u l  i n  the  design of o t h e r  s p a c e c r a f t  
and may succeed more r e a d i l y  than o r b i t e r s .  According t o  t h i s  view t h e  way should be 
l e f t  open t o  t h e i r  use - even though the results obtained may w e l l  be l e s s  comprehen- 
s i v e .  
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f o r  a s u b s t a n t i a l  program of p l ane ta ry  missions.  By t h a t  t i m e  the  Sa tu rn  booster  
system w i l l  be a v a i l a b l e ,  and a four  t o  f i v e  year  lead t i m e  i s  e v i d e n t l y  adequate f o r  
t h e  development of i n i t i a l  s p a c e c r a f t .  

The more d e t a i l e d  planning of p l ane ta ry  missions f o r  1969-73 i s  f o r  t h e  most p a r t  
o u t s i d e  t h e  scope of t h i s  S tudy ' s  competence and commission: t h e  d e c i s i o n s  concerned 
involve engineer ing and many o t h e r  element% w i t h  which we d id  not  cope. 

V I I .  Conclusions and Recommendations 

(1) The B io log ica l  Explorat ion of Mars Recommended. 

The b i o l o g i c a l  exp lo ra t ion  of Mars i s  a s c i e n t i f i c  undertaking of t h e  
g r e a t e s t  v a l i d i t y  and s i g n i f i c a n c e .  
of human achievement. I t s  importance and t h e  consequences f o r  biology j u s t i f y  the  
h ighes t  p r i o r i t y  among a l l  o b j e c t i v e s  i n  space science -- indeed i n  the  space program 
as a whole. 

I ts  r e a l i z a t i o n  w i l l  be a milestone i n  the  h i s t o r y  

(2) The S c i e n t i f i c  Aims  of t h e  Explorat ion 

W e  approach t h e  prospect  of Martian exp lo ra t ion  not  only as b i o l o g i s t s  but  

We 
as s c i e n t i s t s  i n t e r e s t e d  i n  evolut ionary processes  over t h e  broadest  range. Living 
systems have emerged as a chapter  i n  the n a t u r a l  h i s t o r y  of t h e  E a r t h ' s  su r f ace .  
wish t o  test t h e  hypothesis  t h a t  t h e  o r i g i n  of l i f e  i s  a probable event  i n  t h e  evolu- 
t i o n  of a l l  p l ane ta ry  environments whose h i s t o r i e s  resemble ours .  

We thus  conceive t h e  o v e r - a l l  mission as a systematic  s tudy of t h e  evo lu t ion  of 
t h e  Martian su r face  and atmosphere: has t h a t  evo lu t ion  included,  i n  some niches of 
t h e  p l a n e t ,  chemical systems wi th  the  degree of complexity,  o rgan iza t ion  and capac i ty  
f o r  evo lu t ion  w e  would recognize as "living"? Our s p e c i f i c  aims a re :  

(a} Determination of t h e  physical  and chemical cond i t ions  of t h e  
Martian su r face  as a p o t e n t i a l  environment f o r  l i f e ;  

(b) determinat ion whether o r  no t  l i f e  i s  o r  has been p resen t  on Mars; 
(c) c h a r a c t e r i z a t i o n  of t h a t  l i f e ,  i f  p r e s e n t ;  and 
(d) i n v e s t i g a t i o n  of t h e  p a t t e r n  o f  chemical evo lu t ion ,  i n  t h e  

absence of l i f e .  

(3) An Immediate S t a r t  t o  Exploi t  t h e  1969-1973 Opportuni t ies  

A major e f f o r t  should be i n i t i a t e d  immediately t o  e x p l o i t  t he  p a r t i c u l a r l y  
f avorab le  o p p o r t u n i t i e s  of 1969 through 1973. 

We are he re  concurr ing wi th  t h e  Space Science Board's views t h a t  p l a n e t a r y  ex-  
p l o r a t i o n  should be t h e  major a i m  of t he  n a t i o n ' s  space sc i ence  e f f o r t s  i n  t h e  1970's 
and 1980's;  and, f u r t h e r ,  t h a t  t h e  b i o l o g i c a l  exp lo ra t ion  of Mars be the  primary 
focus  of the program. 

( 4 )  Avoiding t h e  Contamination of Mars: a Major Mission Cons t r a in t  

Before proceeding t o  o t h e r  a spec t s  of t h e  undertaking, w e  are concerned t o  
s i n g l e  o u t  from the  many and d i v e r s e  problems t h a t  Martian e x p l o r a t i o n  w i l l  e n t a i l ,  
t h e  t a s k  of prevent ion of contamination. 

Contamination of t he  Martian surface wi th  t e r r e s t r i a l  microbes could i r r evocab ly  
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d e s t r o y  a t r u l y  unique oppor tun i ty  f o r  mankind t o  pursue a study of extraterrestrial  
l i f e .  Thus, while  w e  a r e  eager t o  p re s s  Mart ian e x p l o r a t i o n  as e x p e d i t i o u s l y  as the 
technology and o t h e r  f a c t o r s  p e r m i t ,  we i n s i s t  t h a t  our  recommendation t o  proceed i s  
s u b j e c t  t o  one r igo rous  q u a l i f i c a t i o n :  t h a t  no v i a b l e  terrestrial  microorganisms reach 
the  Mart ian s u r f a c e  u n t i l  we can make a conf iden t  assessment of t h e  consequences. (See 
S e c t i o n  V above). 

(5) Programmatic Recommendations 

5.1 Every oppor tun i ty  f o r  remote obse rva t ion  of Mars by Earth-bound o r  ba l loon  
and s a t e l l i t e - b o r n e  instruments  should be exp lo i t ed .  A vigorous program he re  can 
y i e l d  a ve ry  s u b s t a n t i a l  i n c r e a s e  i n  our knowledge of Mars be fo re  t h e  major program 
of p l a n e t a r y  missions begins  i n  1969. 

5.2 I t  has  become ev iden t  t h a t  an adequate program f o r  Martian e x p l o r a t i o n  
cannot be achieved without  using s c i e n t i f i c  payloads s u b s t a n t i a l l y  l a r g e r  t han  those  
c u r r e n t l y  employed i n  our  unmanned space r e s e a r c h  program. Although predominantly 
engineer ing c o n s i d e r a t i o n s  may i n c l i n e  t o  e a r l y  use of sma l l e r  payloads,  w e  see ve ry  
s u b s t a n t i a l  advantages i n  t h e  use,  from t h e  o u t s e t ,  of t h e  new gene ra t ion  of l a r g e  
boos te r s  which are expected t o  become o p e r a t i o n a l  toward t h e  end of t h e  p re sen t  decade. 
These advantages include:  t h e  p o s s i b i l i t y  of avoiding s p a c e c r a f t  obsolescence due t o  
a change i n  b o o s t e r ;  t h e  p o t e n t i a l  f o r  growth i n  t h e  v e r s a t i l i t y  of s c i e n t i f i c  pay- 
loads  and t h e  r e l i e f  of p re s su re  on the eng inee r  t o  des ign  s p a c e c r a f t  t o  t he  l i m i t  of 
b o o s t e r  capac i ty .  

5.3 W e  d e l i b e r a t e l y  omit an e x p l i c i t  recommendation i n  favor  of any f ly-by 
missions a d d i t i o n a l  t o  those  a l r eady  executed o r  planned f o r  t h e  1964 (and p o s s i b l y  
1966) o p p o r t u n i t i e s .  They y i e l d  a t  best  a f l e e t i n g  glimpse of t h e  p l a n e t ,  and un le s s  
they are a l r eady  so l a r g e  t h a t  they could as w e l l  have been o r b i t e r s ,  t h e  a r r a y  of 
s enso r s  they c a r r y  i s  s m a l l .  Given the boos te r  power adequate t o  d e l i v e r  i t ,  an 
o r b i t e r  i s  overwhelmingly p re fe rab le .  It  may w e l l  be, however, t h a t  s t r i c t l y  engineer ing 
c o n s i d e r a t i o n s  w i l l  demand some prel iminary f l i g h t s  i n  1969 and i f  t hese  are undertaken, 
t h e i r  e x p l o i t a t i o n  as f ly-bys could y i e ld  worthwhile information.  

5.4 Every e f f o r t  should be made t o  achieve a l a r g e  o r b i t i n g  mission by 1971 a t  
t h e  latest .  Th i s  mission should precede t h e  f i r s t  l ande r .  (A d i s s e n t i n g  minor i ty  
view suppor t s  t h e  simultaneous use of s m a l l  landing probes.)  By "large" w e  mean a 
s c i e n t i f i c  payload t h a t  would inc lude  in s t rumen ta t ion  fo r :  (a) i n f r a r e d  and t e l e v i s i o n  
mapping; (b) microwave radiometry and b i s t a t i c  r a d a r ;  (c) i n f r a r e d  spectrometry;  and 
(d) o p t i c a l  po la r ime t ry .  The success  of t h i s  mission w i l l  depend on the  a v a i l a b i l i t y  
of a l a r g e  boos te r  and a s u b s t a n t i a l  improvement i n  c u r r e n t l y  a v a i l a b l e  communications 
f a c i l i t i e s .  

5.5 The f i r s t  landing mission should be scheduled no l a t e r  than 1973 and by 1971 
i f  p o s s i b l e .  

We have not  y e t  o u t l i n e d  what the c o n t e n t s  of a l a r g e  lander  should be i n  terms 
as s p e c i f i c  as those  used t o  desc r ibe  t h e  o r b i t e r .  The c e n t r a l  po in t  on which a l l  
ag ree  i s  t h a t  t h e  mission u l t i m a t e l y  demands a l a r g e  l ande r ,  which w e  have come t o  
c a l l  an ABL (Automated B io log ica l  Laboratory).  What i s  unc lea r  at  p re sen t  i s  how 
f a s t  such a l a r g e  lander  can be designed and developed from b i o l o g i c a l  and engineer ing 
viewpoints .  I t  is, however, c l e a r  t h a t  t h e  development, both as t o  conceptual  des ign  
and engineer ing,  w i l l  go through seve ra l  gene ra t ions .  I t  i s  hoped t h a t  t h e  f i r s t  
g e n e r a t i o n  of an ABL could be used for t h e  1971 opportuni ty .  

The l ande r  we  are reconnnending f o r  1971 i s  something s h o r t  of what i s  u l t i m a t e l y  
p o s s i b l e  and necessary, bu t  could have a s u f f i c i e n t l y  d i v e r s e  a r r a y  of i n s t rumen ta t ion  
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to answer some of the scientific questions we have posed. 

5 . 6  The task of designing an ABL should be initiated immediately as a con- 
tinuing project. The contents of landers in 1971 and 1973 will be products of this 
continuing undertaking. 

5.7 The problems associated with the biological exploration of Mars are diverse 
and the task of implementation raises challenges in many respects wholly novel. 
Orbiter and lander missions alike will involve many different experimenters. The 
evolution of an optimum scientific payload will require a continuing dialogue among 
all potential investigators and the engineers responsible for implementing their 
scientific goals. The undertaking we are recommending cannot proceed without some 
provision for organizing and sustaining that dialogue on a continuing basis. AS 
the program develops other devices may become more appropriate but at the outset we 
believe a standing committee of the Space Science Board will be a useful provision. 
It should be charged with: (1) a continuing surveillance of progress from a 
scientific viewpoint; and (2) the responsibility of giving advice to the 
National Aeronautics and Space Administration. 
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Appendix I1 

BIOLOGY AND THE EXPLORATION OF MARS 

Synopsis of the r e p o r t  of a Study by 
t h e  Space Science Board ( i n  preparat ion)  

VOl. I 

Preface:  Purpose of t h e  study: o r i g i n ,  arrangements and terms of r e fe rence .  

1. Summary and Conclusions: Short  account of c h i e f  arguments and f ind ings ;  explana- 
t i o n  of p r i n c i p a l  conclusions and recommendations advocating a thorough s c i e n t i f i c  
s tudy of Mars wi th  primary emphasis on b i o l o g i c a l  quest ions.  

2. The S c i e n t i f i c  Background 

D e f i n i t i o n  of l i f e :  d i f f i c u l t y  i n  r igo rous  d e f i n i t i o n .  S ign i f i cance  of 
e x t r a t e r r e s t r i a l  l i f e  f o r  planetary evo lu t ion ,  o r i g i n  and na tu re  of l i f e .  

Exis tence and evolut ion:  r o l e  of the environment. Chemical evo lu t ion :  o r i g i n  
of organic  matter i n  p l ane ta ry  formation and development. 

H a b i t a b i l i t y  of p l a n e t s  of the s o l a r  system: Martian c h a r a c t e r i s t i c s  and 
b i o l o g i c a l  hypotheses;  goa l s  of Martian exp lo ra t ion .  

Observat ional  and experimental  r e c o g n i t i o n  of l i f e :  terrestrial precedents  - 
o p t i c a l  a c t i v i t y ,  morphology, remote obse rva t ion ,  microorganisms, s o i l  biochemistry.  
Var i an t  b iochemis t r i e s ,  eco log ica l  imp l i ca t ions  of Martian environment, morphologi- 
ca l  and chemical s imulat ion,  experimental  use of indigenous materials. 

2.1 What i s  L i f e ?  
2.2 The Or ig in  of L i f e  
2.3 
2.4 The Goals of Martian Explorat ion 
2.5 The Recognition of L i f e  

The S o l a r  System as an Abode of L i f e  

2.5.1 

2.5.2 

2.5.3 

General Considerations 
Signs of L i f e  
The Terrestrial Precedent 
O p t i c a l  A c t i v i t y  
Morphology I 
Morphology I1 
Terrestr ia l  O r b i t e r s  
S o i l  Biochemistry 
S o i l  Chemistry and Sampling 
Ex t rapo la t ions  
Exo t i c  Biochemistr ies  
Model of Martian Ecology 
Development of Rigorous Tests 

Use of Martian Mater ia ls  i n  t h e  

Higher Organisms 

f o r  E x t r a t e r r e s t r i a l  L i f e  

Search f o r  Martian Life  

D. Mazia 
S .  L.  Miller and N. Horowitz 
C. Sagan 
W .  Vishniac 

J. Lederberg 

L. S t r y e r  
D. Schwartz 
P.  S. Conger 
C.  Sagan 
A. D. McLaren 
R. E. Cameron 

G. Pimentel  
W. Vishniac 

S .  Fox 

A. Rich 
C.  Sagan 
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3. P repa ra t ion  f o r  t h e  Explorat ion of Mars 

Methods, and l i m i t a t i o n s ,  by which f u r t h e r  information about Mars and p a r t i -  
c u l a r l y  about t he  sea rch  f o r  l i f e  may be obtained - from t h e  Ea r th  ( s u r f a c e  and 
nea r  v i c i n i t y ) ;  by means of spacec ra f t ;  v e h i c l e s  f o r  t h e  purpose and o p p o r t u n i t i e s  
f o r  t h e i r  use. 

Martian environment on t e r r e s t r i a l  organisms; s t u d i e s  of poss ib l e  biochemical 
systems of s p e c i a l  re levance t o  the Mart ian environment. 

Laboratory work on t h e  chemistry of t h e  o r i g i n  of l i f e ;  e f f e c t s  of (simulated) 

3.1 In t roduc t ion ,  i nc lud ing  a survey of p o s s i b l e  
avenues of approach 

3.2 T e r r e s t r i a l  Programs 
3.2.1 Astronomical S tud ie s :  use of 

terrestrial, bal loon,  rocke t -  
borne and o r b i t i n g  obse rva to r i e s  C.  Sagan 

3.2.2 Meteori te  S t u d i e s  H. C. Urey and J. Arnold 
3.2.3 B io log ica l  S tud ie s  

Non-Biological Syntheses S. L. Miller 
Simulat ion of P lane ta ry  

Exot ic  Biochemistr ies  G. Pimentel  
Environment s 

3.3 Vehicles  f o r  P l ane ta ry  Missions E.  C.  Lev in tha l  
3.3.1 NASA S t u d i e s  of Planetary 

Mission P o s s i b i l i t i e s  D. Hearth 
3.4 Launch Oppor tun i t i e s  f o r  P l ane ta ry  

M i  s s i o n s  C.  Sagan 

4. The S t e r i l i z a t i o n  Problem 

Avoidance of contamination of Mart ian environment w i t h  terrestrial organisms 
an e s s e n t i a l  cond i t ion .  Discussion of p r e s e n t  arrangements and s t anda rds ;  p re -  
cau t ions  not  l imi t ed  t o  s u p e r f i c i a l  contamination. Unsolved problems and need 
f o r  e n e r g e t i c  program; consequences of neg lec t .  

4 .1  The Nature of t he  Problem K. C. Atwood 
4.1.1 Spacecraf t  S t e r i l i z a t i o n :  

4.1.2 Spacecraf t  S t e r i l i z a t i o n  N. Horowitz 
The P resen t  S i t u a t i o n  L. H a l l  

4.2 Standards f o r  Spacecraf t  S t e r i l i z a t i o n  C. Sagan and S. Coleman 
4.3 I n t e r n a l  Contamination of 

Spacec ra f t  Components A. H. Brown 

5.  Missions f o r  Remote Observations of Mars 

Mart ian f ly-by and o r b i t e r :  c a p a b i l i t i e s  f o r  environmental  de t e rmina t ions ,  
prel iminary reassessment of b io log ica l  and phys ica l  hypotheses f o r  Martian 
phenomena, s tudy of seasonal  changes, car tography,  s e l e c t i o n  of s i t e s  f o r  s u r f a c e  
s t u d i e s ,  and s e l e c t i o n  of a p p a r a t u s  f o r  i n c l u s i o n  i n  landed spacec ra f t .  

5.1 P o t e n t i a l  Yields  of Biological  Relevance 
from Remote Observations of Mars C. Sagan 
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6. Martian Landings: Unmanned 

Final need for landing missions for identification and especially for 
characterization of life and environment (even if detected by other means). Single 
experiments insufficient to avoid ambiguity; large array of instruments required 
with coordinated control over programming and sample manipulation. Single large 
lander required rather than many small ones. Concept of an automated biological 
laboratory. 
in development. 

Review of analytical methods of potential application and instruments 

6.1 The Need for Landing Missions 
6.2 Large vs. Small Landers 
6.3 The Concept of an ABL 

6.3.1 Some Principles D. Glaser 
6.3.2 Computerized Laboratories J. McCarthy and M. Minsky 
6.3.3 Analytical Methods for 

6.3.4 Review of Available Life Detectors 
Landers - resume D. G. Rea 

7. Martian Landings: Manned 

Need for direct human observation; experimentation, exploration, and specimen 
collection ultimately indispensable, but not until the usefulness of unmanned 
devices has diminished and the need to avoid contamination has passed. Special 
problems in the treatment of Martian samples returned to Earth and control of 
contamination if microorganisms are found on Mars. 

7.1 Prospects for Manned Missions E. C. Levinthal 
7.2 The Impact of Manned Spacecraft on the 

Exobiology Program N. Horowitz 
7.3 Quarantine and Back-Contamination A. H. Brown 

8. Appendix I: Analytical Methods D. G. Rea, ed. 

9.  Appendix 11: Available Life-Detecting 
I n s t r umen t s C. Bruch 

Vel. I1 

1. Anthology of representative papers 

2. Bibliography 
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